An attitude control motor situated near the nose of a launch vehicle is used to steer the vehicle in pitch and yaw. Interaction of the motor's exhaust plumes with the free stream significantly alters the flowfield around the vehicle. In particular, low pressure regions form downstream of firing jets which tends to counteract the efficiency of the motor by causing a net force in the opposite direction of the jet thrust. This study numerically investigates potential changes to passively alter the flowfield in an attempt to mitigate these control attenuation effects. A jet diverter, a fairing, vortex generators, and mass addition were chosen for examination. Several of the concepts showed potential to partially negate the adverse jet interaction effects, but further study is needed to optimize their design.
I. Introduction
Recent studies of a slender launch vehicle with the attitude control motor (ACM) firing have raised concerns about pitching moment attenuation. When the ACM jets are on, jet interaction with the freestream flow causes large low-pressure regions to form downstream of the ACM nozzles. Since this low pressure acts over a large surface area, the resulting force can be significant and can actually work to counter the thrust of the motors. If the moment attenuation was large enough, the vehicle could undergo control reversal when the motors were on.
Prior to major structural and control redesign, passive flow control devices are explored with the intent of finding a simpler way to control the flow. The concepts to be considered are a jet diverter, a fairing/splitter plate combination, and mass addition via wall blowing. A fourth concept is also considered in which vortex generators would be used to counter the vortices formed from the jet interaction effects. This concept is ruled out due to other structural and controllability impacts.
A number of past studies have been performed concerning the modification of flow around both rigid cylinders and exhaust jets in a transverse crossflow. Note that when the jet is firing it forms a cylinder shape normal to the incoming flow. Attaching a rigid plate behind a cylinder was originally shown to reduce total drag and weaken shed vortices by Roshko. 1 Additional studies on the use of splitter plates, both fixed and freely rotatable, have been performed examining the effect on forces, vortex shedding frequency, and plate equilibrium angle, 2 , 3 . 4 A number of techniques for modification of exhaust jets have been studied as well, which typically concentrate on the mixing rate. Marzouk and Ghoniem examine a delta-tab on the nozzle windward edge and microactuators to perturb the azimuthal or wall-normal components of the jet vorticity and the resulting vortical effects, 5 . 6 Further studies have focused on the use of controlled pulsing of the jets to optimize the jet penetration into the crossflow and produce distinctly rolled-up vortical structures, 7 , 8 , 9 .
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A total of nine simulations were performed. The first two simulations consisted of the current design with control motors on and off. These cases represent the baseline. The net thrust of the ACM was 3,000 lbs with an off-axis thruster configuration. Each of the three concepts was also simulated with control motors on and off. An additional simulation was performed with motors on and with a porous wall condition. This was a variation of the mass addition case.
II. ACM Description
The attitude control motor is positioned immediately aft of the nosecone. It consists of eight nozzles distributed at 45 degree intervals around the circumference, divided into a forward and an aft row. The propellant burns constantly, such that at least some of the nozzles are firing at any time. The flow through each nozzle is independently controlled such that the correct combination of nozzle firings determines the net thrust magnitude and direction. 
III. Simulation Parameters
Previous studies of ACM jet interaction have shown that mid-thrust cases typically exhibit the highest control attenuation. Thus this scenario was chosen as the focal point for this study. All simulations were performed based on a nominal thrust value of 3000 lbs vectored between two of the motor's nozzles (Figure 2 ). This scenario is considered an "off-axis" case as the firing direction is clocked 22.5 degrees from the vehicle body axes.
Freestream conditions are given in Table 1 . The input conditions are based on an expected flight condition. Note that the incoming flow is aligned with the net thrust vector.
All CFD simulations are performed using GASP, which is a finite-volume, multi-block, Reynolds Averaged Navier-Stokes (RANS) flow solver. GASP Version 4.3.1 was used in the current work. The flow is assumed turbulent and both boundary layer and shear layer mixing are simulated using a two-equation turbulence 
III.A. Grid Generation
The same baseline grid is used for each simulation, which includes modeling of the ACM, vehicle outer mold line, and far-field. Additional overlapping grids were made in order to model the passive control devices to be studied. The same numerical approach is used for each simulation that consists of an Euler Implicit time integration scheme.
The grids for these simulations were generated using the GridGen software package. A baseline grid was created which utilized Chimera overlapping grids, and this was used to model the basic vehicle geometry. The baseline grid consisted of 119 zones totaling 3.6 million cells. An additional Chimera grid was added to the ACM plume region to help refine the flow physics in that region. Additional grids were added to model the passive flow control concepts.
III.B. Exhaust Gas Modeling
The exhaust gas produced by burning the ACM propellant contains more than 20 independent constituents. Tracking and simulating each of these components individually is numerically expensive. In order to simplify the complexity of the problem, the individual constituents are replaced by a single equivalent exhaust gas specie which is thermally perfect and chemically frozen. Thus, the number of species that the solver has to track is reduced from more than twenty to two (air and exhaust gas). The following parameters are required to adequately model the exhaust gas:
• Molecular weight,M i , and gas constant, R i
• Specific heat for translation and rotation, C • Equivalent McBride/Gordon/Svehla transport property curve fits for dynamic viscosity, µ , and conductivity, k
• Sutherland transport property curve fits for dynamic viscosity, µ and conductivity, k
Before computing the simplified thermodynamic or transport properties, it is necessary to obtain the mass fractions for each specie. The mass fractions can be computed from the provided mole fractions as
where ρ i is the specie density, ρ is the mixture density, γ i is the species mole fraction,M i is the species molecular weight, andM mix is the mixture molecular weight. The mixture molecular weight can be computed fromM
The equilibrium translation/rotation thermodynamics model requires specification of C is the specific heat of translation and rotation at constant volume and R is the specie gas constant. This model assumes a calorically-perfect gas where C tr v /R is a constant and typically set to 1.5 for monatomic species and 2.5 for diatomic and linear polyatomic species. This model also requires the latent heat of formation when running finite rate or equilibrium chemistry. For these calculations the McBride/Gordon thermodynamic curve fits which include caloric imperfections, C v = F (T ), were used.
The McBride/Gordon curve fits use a least-squares fit for the empirical thermodynamic data for each specie. The format of the curve fit for C p /R is given by
A total of 10 coefficients are given for each specie over each valid temperature range. The last two coefficients are integration constants for the computation of enthalpy and entropy. For most species there are two ranges of valid temperatures, with a different set of coefficients for each temperature range. Typically the two ranges varies from 200 to 1,000 and 1,000 to 6,000 degrees Kelvin. Air species have a third range from 6,000 to 20,000 Kelvin. The curve fit for the simplified chemistry model is computed in three steps. The first step multiplies the coefficients by the species gas constant. This yields a curve fit for C pi instead of C pi /R. The second step multiplies each coefficient by the mass fraction of each specie in the mixture. This is equivalent to stating
whereC p is the mixture C p . The last step divides the coefficients by the mixture gas constant, yielding the new coefficients in C p /R form. The entire process can be represented bỹ
where a j are the polynomial coefficients a 1 through a 10 . The McBride/Gordon/Svehla transport property curve fits are least square fits for the laminar viscosity and thermal conductivity. In their format, the species viscosity is computed as
The equation for thermal conductivity is functionally identical. The method applied to the thermodynamic curve fits is not valid for the transport properties. The mixing rule for transport properties does not lend itself well to a similar approach. Fortunately, the transport property equation only has 4 unknown coefficients instead of 10. To compute simplified curve fits, four data points were determined within each valid temperature range. This gives a system of linear equations for the four unknowns in each temperature range.
GASP allows the user to compute the laminar viscosity and thermal conductivity using Sutherland's relations. The format of the Sutherland viscosity equation is
where µ 0 , T 0 , and S are constants. The Sutherland thermal conductivity equation is functionally identical to the above equation.
The method used here is identical to the method used to arrive at McBride/Gordon/Svehla curve fits except three data points are used. Also, the Sutherland formulation does not allow for different coefficients for different temperature ranges. Thus, the selection of the three data points is entirely arbitrary. For the cases considered here, it was determined that 200 K to 1,000 K would represent a sufficient temperature range. The third point used was the midpoint of the temperature range (600 K).
III.C. Exit Conditions
Flow conditions were provided at several stations inside the nozzle. These conditions include Mach number, pressure, density, temperature, and specific heat ratio as a function of radial coordinate. A station set inside the nozzle was chosen as a boundary condition. Using the profile data, a program was written which interpolated the data onto the nozzle inflow grid at this station. A pointwise data profile was therefore used to set the boundary condition for each ACM motor inlet.
III.D. Solver Settings
The settings used in the GASP CFD solver are now discussed, including boundary conditions, fluxes, turbulence models, thermodynamic settings, and time integration.
For the far-field boundary, a non-reflective inflow/outflow boundary condition was imposed. This condition helps reduce non-physical, reflective signatures. For the solid walls, the no-slip adiabatic boundary condition is used. For the ACM nozzles, the flow is supersonic and therefore fixed to the profiles provided for each jet.
The selected turbulence model for the simulations is the Wilcox 1998 k-ω model. The selection for this model came from research by Viti et al. 11 The k-ω turbulence model by Wilcox tends to be more accurate for boundary layers with adverse pressure gradients when compared to other one and two-equation models. The k-ω model does not require wall functions and does an adequate job for various types of free shear flows.
With the k-ω model, eddy viscosity limiting was applied. This is intended to add stability to the system of equations during the time integration process. While the solution evolves with time toward a steady (or unsteady) state, the values of TKE and omega may result in large, nonphysical values for the eddy viscosity. By limiting the eddy viscosity value, the solution can get past the transient stage and reach the final solution where limiting may not be needed.
For the convective fluxes, the Van Leer flux vector splitting scheme is used. On each face, a third order spatial reconstruction is performed. Due to the transonic nature of the flow, a modified ENO limiter is applied to maintain numerical stability.
For the time integration, the Euler Implicit scheme is used. This is a first order time integration method and for the current simulations a time step of 4x10 −5 seconds was used.
IV. Passive Flow Control Concepts
As mentioned above, three passive flow control designs were initially planned for study, with a fourth held as a reserve. These concepts are discussed below.
IV.A. Jet Diverter
The first passive control concept is a jet diverter. This design is intended to take a small fraction of the mass exiting the ACM nozzle and re-direct it downstream. The flow behind each nozzle is normally characterized by a low-pressure, separated flow region. This concept attempts to energize the boundary layer flow in order to reduce the amount of separated flow on the surface. This in turn adds momentum to the flow, and may help raise the pressure on the surface.
In order to prevent too much loss of thrust from the control motors, the diverter was designed to take no more than five percent of the thruster mass and divert it downstream. Since the diverter geometry must be the same for all motors, this target mass flow was applied to the motors with the max thrust (2,222 lbs). A picture of the diverter is given in Figure 4 . The diverter hangs over the nozzle slightly in order to capture some of the exiting nozzle flow. The flow is then ducted through the diverter, expanded, and released tangentially along the vehicle. 
IV.B. Fairing/Splitter Plate
The next concept is a combination of a fairing or shroud in front of each jet and a splitter plate aft of each jet. The fairing is intended to shield the exhaust of the jet from the incoming flow and allow it to penetrate further into the surrounding flow field. This concept attempts to move the JI effects away from the body and have a better pressure recovery downstream of the jets. The splitter plates are located directly behind each jet and are intended to disrupt the vortices causing the low-pressure region.
A picture of the fairing and splitter plates is given in Figure 5 . The splitter plates all start at three nozzle diameters downstream and end at the same location. The fairings are normal to the wall and have an elliptical shape. Both the fairing and splitter plates are modeled as thin surfaces in the simulations. 
IV.C. Vortex Generators
The pitching moment attenuation is mainly caused by a region of low pressure that forms behind each jet. This low pressure is usually more evident behind the higher thrusting nozzles due to the larger jet to freestream pressure ratios. A larger pressure ratio normally results in stronger vortices, which in turn lower the pressure on the body surface. The third concept is to cancel the JI induced vortices directly by using vortex generators to produce counter rotating vortices of similar strength. If the strength of the JI vortices can be reduced, this may give some pressure relief on the body surface.
After simulating the baseline jet-on case, the vortex strength and circulation value was extracted from the solution. This was done by looking at several stream-wise stations (x constant) just aft of the ACM nozzles and identifying the vortices in the flow. The strength of the counter-rotating vortex pair (CVP) was extracted from baseline simulations; thus vortex generators of a similar strength would be needed to counter the effect. The assumption is made here that the vortex generators will be formed from one-half of an un-swept, rectangular "wing" of finite span mounted on or protruding through the surface. For simplicity, also assume an elliptical lift distribution which results in:
Here, b is the span, S is the wing area, c is the chord, u inf is the velocity approaching the wing and Γ 0 is the circulation at mid-span. The vortex pattern from the trailing edge of the wing will roll up into a wingtip vortex. For rough estimating purposes, use Γ 0 as representative of the circulation of the wingtip vortex.
Using the values for the case of interest here gives a C L of about 1.0. Figure 9 .11 in Bertin and Smith
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indicates that this is likely attainable from a wing with an aspect ratio (b/c) = 2.75 at an angle of attack of 15-20 degrees. Of course, one can vary some of the assumptions and parameters used here and get somewhat different results. Note, however, that reducing the chord increases the required lift coefficient. The estimated size for the vortex generator is not practical for this application. The design would call for two vortex generators per nozzle, which means they would have to be greatly scaled down in order to be reasonable. The concern then becomes if this design is even feasible. Due to the above analysis, an alternate concept was pursued in this work instead of the vortex generator design.
IV.D. Mass Addition
An alternate concept was also considered in case one of the three primary concepts were deemed unfeasible after further study. The alternate design involved some sort of mass addition to the low-pressure region via the body surface. The mechanism for this may be from a porous wall blowing or some type of surface ablation. At this time, the concept itself is studied in order to determine if moment attenuation effects can be reduced. If improvement is seen, then this concept (as well as any others) can be looked into for more research and development.
The alternate mass addition design ended up being used as a replacement to the vortex generator concept. In order to implement this alternate concept, the mass being added to the flow was assumed to be constant for each boundary face over a specified area. An area just downstream of the thrusters was selected and is shown graphically in Figure 6 . The wall blowing velocity was set to a constant value. The total mass added to the flow is approximately ten percent of the thruster mass flow. This amount may be larger than what is practical, but it should help reveal if this concept will work or not. 
IV.E. Porous Wall
An additional simulation was done in which a passive porous wall boundary condition was applied. This is a variation of the blowing case discussed above. Here, a porous wall boundary condition is used to determine the wall velocity, which will be unique for each boundary face. The assumptions of the porous wall condition are as follows:
• Homogeneous pressure and temperature in the cavity region.
• Homogeneous distribution of holes.
• Turbulence is treated as a no-slip wall.
• Poll's law is used to governing the flow velocity passing through the holes and is valid for cases in which the ratio of hole diameters to plate thickness is small.
• A velocity is applied at each boundary face and represents the porous wall physics. Mass in the cavity region is not preserved such that an outside source feeds or extracts mass as needed.
The boundary condition will result in either blowing or suction at a boundary face depending on the local pressure. For the current simulation, the following parameters were set:
• Porosity (ratio of total hole area to porous surface area) = 0.20
• Non-cylindrical hole correction factor = 1.0
V. Results
For each passive flow control concept, plus the baseline with no modifications, two simulations were run: jets on and jets off. The cases with jets off serve as a reference to compute the relative attenuation.
Due to the unsteady nature of the flow, the forces and moments have an oscillatory behavior. This is seen in Figure 7 where the body normal force (C N ) is shown in coefficient form. Recall that the normal body force is rotated 22.5 degrees off the direction of the net total force. The normal force appears to be dominated by the underlying geometry, and not by the ACM motors or the added passive control system. The shedding from the external abort motors is the primary driver for the oscillations. The abort motors are symmetric about the direction of C N . The fairing/splitter plate concept had a slightly larger normal force than the other concepts and baseline case. This is likely due to the additional surfaces which helped to increase the force.
The side body force (C Y ) is shown in Figure 8 . Here, the force magnitudes are much smaller, but some oscillatory behavior can still be observed. This force is much more influenced by what is happening around the ACM. The larger oscillations are seen for the jet on cases, especially for the fairing/plate concept. Recall that this configuration has the net thrust off-axis. Due to the staggering of the motors, this produces an asymmetry in the flow-field leading to stronger oscillations in the side force when the jets are on. The axial force is shown in Figure 9 for each of the simulations performed. Having the jets on has a slight impact on the drag in that it lowers it for each concept. The highest axial force comes from the fairing concept when the jets are off since the fairings themselves add profile drag. The lowest drag comes from the jet diverter case when the jets are on. In this case the jet diverters provide some thrust.
The total moment history is presented in Figures 10 and 11 . The moment C m is due to the normal force C N , but unlike the normal force, the moments change much more so when the jets are on. Here, the moment attenuation problem is seen more clearly. When the jets are on, the aerodynamic-only moments increase in the opposite direction of the jet only moment. In the present case, the C m value for the jet thrust is negative (working to decrease the moment) while the moment only from the aerodynamic forces is increasing the moment. It is this phenomena that we are trying to eliminate in this study. As can be seen from the C m figure, having the jet diverter installed does not appear to help in the moment attenuation. In fact, as seen in Table 2 , the moment effectiveness is actually lower when the jet diverter is used (0.476 versus 0.638). The wall blowing case helps some with the attenuation, but the gains are not great. The fairing/plate concept causes a shift in the moments. Both the jet-on and jet-off simulations show a reduction in the overall C m and C n moments.
For the yawing moment C n , the same trend is observed. Here, moment attenuation is found when the jets are on and a more negative moment value occurs.
If the moments are rotated into the plane of angle of attack, one can compute a true pitching moment effectiveness. When this is done, the baseline, jet diverter, wall blowing, and fairing values become 0.64, 0.41, 0.71 and 0.66 respectively (results given in Table 2 ). So the jet diverter shows an increase in moment attenuation, while the other two concepts show a slight decrease, however not by much. The ACM moment effectiveness is defined by:
The rotated pitching moment (Cm') is obtained by the following transformation:
V.A. Stream-wise Pressure Plots
The coefficient of pressure (C p ) is plotted in Figure 12 along a stream-wise line going through ACM nozzle 1.
Recall that nozzle 1 has the max thrust (2,222 lbf) and is in the aft row of jets. It is downstream of nozzles 1 and 2 where we are trying to raise the pressure. The corresponding line of pressure for the opposite side (line going through ACM nozzle 8) is also shown in Figure 12 . In both plots the ACM nozzle is in the region x/S ref of 0.29-0.31 where x begins at the nose and S ref is the reference length of 198 inches. The plots show the pressure from the nose to the external abort motors for the jet on cases.
The concept which had the best pressure rise compared to the baseline case is the fairing/splitter plate. For this concept, the placement of the fairing upstream of each nozzle does not seem to have much impact on the surface pressure in that region. Just after the jet, a low-pressure region is observed which is larger than the other cases. But this quickly transitions to a larger region of high pressure which is desirable for this problem. The C p line in this high pressure region corresponds to the location of the splitter plate, which appears to help raise the pressure some. But, the higher pressure is only local to the vicinity of the plate behind nozzle 1. Away from the plate the pressure drops again.
Another issue for the fairing concept is that the fairing and plates add additional surfaces which must be included in the overall force and moment data. Since these show up in the jet off case as well, the overall moment effectiveness is roughly the same as the baseline case. The best scenario would come from having the fairings and splitter plates present only when the jets are on. Then the pitching moment attenuation for this specific case study would vanish. But if the angle of attack were reversed, the plates may then have the opposite effect and work against the thrusting moment. More research would be required to fully understand the impact of the fairings and splitter plates.
On the side with nozzle 8, all three concepts are very similar to the baseline case. One notable difference is the increase in pressure upstream of the jet for the case with the fairing. Otherwise there is very little change in the surface pressure.
V.B. Surface Pressure Plots
Plots of the surface pressure are now discussed. Figure 13 shows the pressure distribution over the surface for all four cases. In all four surface plots, the regions aft of the external abort motors appear almost identical. The region around the ACM thrusters clearly shows the low-pressure that results from the jets on.
V.C. Stream-wise Cutting Slices
Stream-wise slices through ACM nozzles 1 and 8 are now shown for each of the jet-on cases. The Mach number contours for all cases are shown in Figure 14 . Here, the jet plumes are clearly visible for the 2,222 lbf nozzle (shown on bottom) and the 865 lbf nozzle (shown on top). The higher thrusting nozzle has stronger JI effects which cause a much larger low-velocity region. The corresponding pressure contours are shown in Figure 15 which more clearly shows the low-pressure region aft of the nozzles.
For the jet diverter case, an increase in Mach number is observed just aft of the nozzles. But further downstream, a lower Mach number region reappears for the diverter case compared to the baseline case for the bottom jet. So the jet diverters appear to be adding momentum to the flow near the surface, but not over the entire low-pressure region. The extent of the low-pressure region appears to be reduced for the diverter case compared to the baseline, but it is not enough to reduce any of the moment attenuation as discussed earlier.
The wall blowing case appears to expand the bottom low-speed region in the direction of the blowing. As for the surface pressure, it still appears very similar to the baseline case.
The fairing concept, on the other hand, has a large impact on the flow structure. The splitter plates help reduce the extent of the separated region near the surface. This is also evident in the pressure contour plot shown in Figure 15 . The surface pressure is much higher downstream of the plates compared to the baseline case, but there is a much larger low-pressure region in the flow directly behind the exiting nozzle gas.
V.D. Particle Trace Plots
Particle traces colored with Mach number were seeded inside the two 2,222 lbf nozzles. The plots showing the particles for each case are given in Figure 16 . In this figure, the particles travel out and away from the body and into the plume region. For the jet diverter case, some of the particles travel through the diverter. The particles quickly turn away from the surface and head out into the plume region. A portion of the particles coming from the rearward nozzle are entrained into a separated flow region.
For the wall blowing case, the particle paths are very similar to those of the baseline case. Of all the different concepts, the flow structures of the wall blowing case are closest to those of the baseline case. For the fairing/plate concept, the particles penetrate slightly further into the flow-field. The fairing provides some relief for the nozzle plume, allowing it to penetrate further into the flow.
V.E. ACM Exhaust Gas Iso-Surfaces
Iso-surfaces were created for each of the jet-on cases showing the exhaust gas penetration when the mass fraction reaches 5 percent. These are shown in Figure 17 for each of the four cases. The orientation is such that ACM nozzles 1 and 2 are on the bottom (largest thrusting nozzles). The baseline case shows the largest penetration from nozzles 1 and 2 as expected. The wall blowing case has very similar iso-surfaces to the baseline case. The main difference is in the lower nozzle exhaust being pushed out slightly more for the wall blowing case.
For the jet diverter plot, one can see the additional exhaust gas that exits from the diverter. Here the gas fills in more of the space between the surface and the outer plume. Other than this, the exhaust gas flow structure is roughly the same as the baseline.
The fairing with splitter plate case shows the largest impact on the exhaust gas penetration. Increased mixing is seen for the stronger nozzles in that the mass fractions are much lower by the time the exhaust gas reaches the external abort motors. The faster mixing appears to be due to the exhaust gas filling more volume just downstream of the nozzles.
V.F. Velocity Vectors in the Jet Diverter Simulation
A close up of ACM thruster 1 (rear nozzle with 2,222 lbf) showing velocity vectors is shown in Figure 18 for the baseline case. The figure shows a stream-wise slice through the middle of the nozzle with vectors colored to Mach number. The region just behind the jet is characterized by low-velocity, separated flow. This same view is also shown for the jet diverter case. Here, a portion of the jet is diverted downstream along the surface. Once this flow leaves the diverter, the flow expands and spreads out. It appears the flow coming out of the diverter is under-expanded because the flow quickly accelerates and a shock forms. The flow then turns away from the surface and out into the plume region.
The diverter geometry was designed for a specific mass flow. While this target was achieved (5 percent of ACM nozzles 1 and 2), the exiting flow is under-expanded. A better design would be to match the exit pressure to that of the local flow. If a nozzle were more specifically designed for this flow-field, it may help improve the results gathered here.
V.G. Porous Wall Results
Only the jet-on case was simulated using the porous wall boundary condition. The force and moment data are recorded in Table 2 along with the other case results. The moment effectiveness used the baseline jet off case as a point of comparison. The results were favorable in that the moment attenuation was reduced. The rotated pitching moment (into the angle of attack plane) had a C m effectiveness of 0.78. This turns out to be the highest value, making the porous wall concept one of the more successful ideas of this study. A view of the surface pressure and porous wall velocity vectors is shown in Figure 19 . The view is from the bottom where ACM nozzles 1 and 2 are shown. The porous-wall region shows the velocity vectors, some of which are blowing. The porous-wall region not showing vectors represent wall suction. The porous wall region is identical to the wall-blowing region discussed earlier. 
VI. Conclusion
The key parameter in these CFD results is the pitching moment effectiveness value. For control purposes, it is desirable to have this value as close to unity as possible. This would help make the moment behavior more predictable. The cases studied here have had a slight impact on the moment effectiveness value, but not enough to justify implementation of any of the control concepts discussed in this report. The pitching moment effectiveness values are posted in Table 2 with the baseline case having a value of 0.64. The best improvement came from a passive porous wall and a wall blowing case, which raised the value to 0.78 and 0.71 respectively. While these cases showed some improvement, additional research and development on these concepts may improve the current designs. A major drawback of the porous wall and blowing designs is how to implement them with minimal changes to the internal workings of the current vehicle design.
The fairing/splitter plate concept showed that the jet interaction effects could be altered. While the results showed here were not as promising (moment effectiveness of only 0.66), the concept is external to the body which makes it more practical. If more research is to be performed on passive flow control, designs similar to this should be considered. It may be beneficial to study the effect of splitter plates only, and if they are effective then how small they can be made. Also, a better design might come from combining the fairing with the splitter plates such that a single, airfoil type structure sits on top of each nozzle. This may act as an extension for each nozzle and be more effective at pushing the JI effects away from the body by channeling more free-stream flow around the nozzles into the plume wake region.
The jet diverter design was effective in that it channeled flow from the nozzle to the boundary layer just aft of the jets. The current design could stand to be improved by matching the exit pressure better with the local flow. This would most likely make the jet diverter concept more effective in moment attenuation reduction.
